Purpose Geospatial, contextual, and multilevel research is integral to cancer prevention and control. NCI-designated Cancer Centers are at the forefront of cancer research; therefore, this paper sought to review the geospatial, contextual, and multilevel research at these cancer centers. Methods Investigators used PubMed and Web of Science to compile geospatial publications from 1971 to February 2016 with cancer center-affiliated authors. Relevant abstracts were pulled and classified by six geospatial approaches, eight geospatial scales, and eight cancer sites. Results The searches identified 802 geospatial, contextual, and multilevel publications with authors affiliated at 60 of the 68 NCI-designated Cancer Centers. Over 90% were published after 2000. Five cancer centers accounted for approximately 50% of total publications, and 30 cancer centers accounted for over 85% of total publications. Publications covered all geospatial approaches and scales to varying degrees, and 90% dealt with cancer. Conclusions The NCI-designated Cancer Center network is increasingly pursuing geospatial, contextual, and multilevel cancer research, although many cancer centers still conduct limited to no research in this area. Expanding geospatial efforts to research programs across all cancer centers will further enrich cancer prevention and control. Similar reviews may benefit other domestic and international cancer research institutions.
Introduction
Geospatial methods have advanced rapidly in recent decades to include geographic information systems (GIS), global positioning systems (GPS), and other location-based technology alongside improved mapping techniques. This methodological progress has transformed geospatial data collection and multilevel analysis, and holds significant promise to enhance cancer research across the entire cancer control continuum [1] [2] [3] . The National Cancer Institute (NCI) in the United States has supported geospatial, contextual, and multilevel cancer research for over 40 years. NCIaffiliated researchers published state-level cancer mortality Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1055 2-018-1009-0) contains supplementary material, which is available to authorized users.
rates as early as 1971 [4, 5] , followed by county-level cancer mortality rates in 1974 [5, 6] . In 1973, NCI also initiated the Surveillance, Epidemiology, and End Results (SEER) program to compile detailed cancer incidence, mortality, and survival data across diverse U.S. regions and cohorts [7] , and has since added several web resources conducive to geospatial cancer analysis [8, 9] .
Internationally, cancer control researchers and public health agencies have also demonstrated commitment to applying geospatial approaches. The International Agency for Research on Cancer (IARC) and the International Association of Cancer Registries (IACR), organizations both associated with the World Health Organization (WHO), regularly compile global cancer data into comprehensive reports and interactive graphics that facilitate geospatial cancer analysis [10] [11] [12] . These activities complement specific research projects in many countries. Examples include mapping colorectal cancer incidence in China [13] , assessing area-level socioeconomic components and testicular cancer survival in England [14] , and examining air quality and cancer mortality in Brazil [15] .
One prominent feature of the U.S. cancer research landscape is the NCI-designated Cancer Center network, which has grown to 69 cancer centers that cover geographically and demographically diverse catchment areas [16] . NCIdesignated Cancer Centers have applied a geospatial perspective to cancer research since at least the 1980s [17] , but this research has not been explored systematically. The purpose of this paper was to summarize the level and scope of geospatial, contextual, and multilevel research conducted by researchers affiliated with NCI-designated Cancer Centers. Future reviews could mirror the approach described here to summarize the penetration of geospatial research into the cancer control efforts of diverse institutions and countries.
Methods
A comprehensive literature search was conducted in PubMed and Web of Science in March 2016 to identify geospatial, contextual, and multilevel research that included one or more authors reporting an affiliation with one or more NCI-designated Cancer Centers. The keywords "geospatial OR spatial OR contextual OR multilevel OR county OR neighborhood OR residence OR environment OR urban OR rural OR geography OR geographic OR census OR resident characteristics OR latitude OR latitudes" were searched in combination with 112 cancer center name variations (Online Resource 1). These searches captured research at 68 of the 69 NCI-designated Cancer Centers; the Tisch Cancer Institute at Mount Sinai had not received NCI designation at the start of the search process and was therefore omitted.
For consideration, studies had to be published between January 1971 and February 2016, involve at least one author with an NCI-designated Cancer Center affiliation, include one or more of the designated keywords in the title or abstract, and contain a spatial comparison between at least two different locations. Thus, a study that investigated travel time to cancer treatment for different sites within Western Washington [18] would be included, but a study that investigated cancer incidence in the general Western Washington region [19] would be omitted. Although both studies satisfied the first three criteria listed above, the former compared different areas within a region, while the latter reported on one area without an intra-or inter-regional comparison. Titles and abstracts were screened and relevant abstracts were then collated and coded by geospatial approach, cancer site, and geospatial scale. After iterative work to establish definitions for geospatial approach and cancer site, one PhD-level reviewer and one Master's-level reviewer dual coded 11.5% of the abstracts to further refine the categories selected. The remaining abstracts were coded by a single reviewer. Subsequently, one PhD-level reviewer and one Bachelor's-level reviewer dual coded 12.5% of the abstracts to establish a coding scheme by geospatial scale. The remaining abstracts were coded by a single reviewer. Topic area experts from the NCI Division of Cancer Control and Population Sciences supervised this process and contributed when questions arose concerning specific abstracts.
Investigators classified abstracts by six geospatial approaches: (1) spatial distribution, (2) proximities, (3) urban/rural differences, (4) community environment, (5) geospatial methods/mathematical models, and (6) environmental health. Descriptions and examples for each category are listed in Table 1 [20] [21] [22] [23] [24] [25] . Abstracts that dealt with both community environment and spatial distribution were categorized as community environment. Abstracts that dealt with urban/rural differences as well as spatial distribution and/or community environment were categorized as urban/ rural differences. Abstracts that dealt with proximities as well as spatial distribution, urban/rural differences, and/or community environment were categorized as proximities. Investigators also classified abstracts by eight cancer site categories: (1) breast, (2) prostate, (3) colorectal, (4) other site (e.g., cervical, lung, melanoma), (5) several sites, (6) all cancers/mortality, (7) cancer risk factors and prevention, and (8) non-cancer outcomes. Investigators then classified abstracts by eight geospatial scales: (1) continents and countries, (2) states, provinces, and multi-state regions, (3) cities and counties, (4) zip codes, census tracts, and block groups, (5) urban/rural area, (6) coordinates and exact locations, (7) neighborhoods and communities, and (8) unspecified geographic area. Abstracts that discussed multiple scales were assigned to the scale with the finest unit of analysis mentioned; for this review, unspecified geographic area was considered the largest scale, while coordinates and exact location was considered the smallest scale. For example, if an abstract mentioned an unspecified geographic area and census tracts, it was assigned to group four.
Results
The literature searches yielded 5,410 PubMed citations and 10,004 Web of Science citations, which resulted in 9,881 unique citations screened. Citations that did not include abstracts (n = 10) or address geospatial approaches to cancer despite including one or more keywords (n = 9,069) were excluded. This left 802 total publications that involved geospatial, contextual, and multilevel research coauthored by researchers affiliated with NCI-designated Cancer Centers. Approximately 85% of publications (n = 685) involved a single cancer center, while the remaining 117 publications were shared by two (n = 92), three (n = 16), four (n = 4), five (n = 1), six (n = 1), and eight (n = 3) cancer centers. The first published geospatial study affiliated with an NCI-designated Cancer Center appeared in 1980, but few studies were published until after 2000. Over 90% (n = 725) of the 802 identified publications appeared after 2000, with 59% (n = 472) published since 2010.
Almost 90% (n = 60) of NCI-designated Cancer Centers participated in geospatial, contextual, and multilevel research published between January 1971 and February 2016. The eight cancer centers that did not included one Cancer Center and seven Basic Laboratory Cancer Centers (see Online Resource 2 for publication totals by cancer center). The average number of publications per cancer center was 14. Omitting the Basic Laboratory Cancer Centers increased this to 16 publications. A small minority of cancer centers, however, accounted for the majority of all publications (Fig. 1) . The five cancer centers with the most publications were Fred Hutchinson/University of Washington Cancer Consortium (n = 127), Dana-Farber/ Harvard Cancer Center (n = 109), The University of Texas MD Anderson Cancer Center (n = 109), Memorial SloanKettering Cancer Center (n = 73), and Alvin J. Siteman Cancer Center (n = 55) (Online Resource 2). Publications that involved only these five cancer centers comprised approximately 50% (n = 383) of the total identified geospatial studies with an NCI-designated Cancer Center affiliation. Fifteen cancer centers comprised over 70% (n = 564) of the total identified publications, and just under half of all cancer centers contributed to over 85% (n = 693) of the total yield. These results were similar regardless of whether the 117 shared studies were assigned to the affiliated cancer center with the most or the least publications (Fig. 1) .
Publications encompassed a variety of geospatial approaches, as shown in Fig. 2a . Over 40% (n = 343) dealt primarily with the spatial distribution of disease rates, health behaviors, and other public health topics. Studies that primarily investigated community-level factors (n = 172) and urban/rural differences (n = 154) each contributed to 20% of the total. The remaining publications (n = 133) examined environmental exposures, proximity to health services, and geospatial methodologies. Additionally, over 90% of publications (n = 723) focused on cancer or cancer-related health behaviors, as depicted in Fig. 2b . Half (n = 403) investigated [25] one cancer, and an additional 15% (n = 122) looked at all cancers or all-cause mortality. Breast, prostate, and colorectal cancer, in that order, were the most common cancers assessed; additional cancers included cervical cancer, lung cancer, melanoma, and lymphoma. For the 10% (n = 79) of publications on non-cancer outcomes, research topics included HIV, cardiovascular disease, and mental health. There was also variation in geospatial scale among publications, as illustrated in Fig. 2c . Almost 12% (n = 95) investigated primarily at the country level, with an additional 20% at either the state or county levels. Another 16% (n = 127) used urban/rural area, while 14% (n = 114) used exact locations. Slightly fewer abstracts used census tracts or employed a neighborhood scale. Unspecified geographic area was the most prevalent spatial scale mentioned in abstracts and accounted for 18.5% (n = 148) of publications.
Discussion
This analysis indicates that NCI-designated Cancer Centers contribute to a broad array of geospatial, contextual, and multilevel research, although this commitment varies widely by cancer center. Overall, there are three notable elements that characterize the geospatial research landscape at NCI-designated Cancer Centers. First, geospatial cancer research at most centers is at an early stage but is also growing at some centers, with nearly all studies published after 2000 and most published after 2010. This finding coincides with rapid growth in tools, methods, and computational capabilities relevant to the geospatial field. Second, geospatial research among NCI-designated Cancer Centers is relatively concentrated-five institutions were the sole cancer centers affiliated with approximately 50% of all identified publications. Over half of cancer centers contributed to less than 15% of the total, even if the seven Basic Laboratory Cancer Centers are excluded. Some institutions are larger and receive more funding than others; therefore, it is not expected that each contributes equally to geospatial cancer research; it is plausible that given their available resources, the top five cancer centers publishing geospatial research should be responsible for half of the total publication yield. The observation that over half of cancer centers have published minimally in this area, however, suggests that many of these institutions have limited expertise in this area of research or do not consider it to be a priority. Lastly, geospatial research at these cancer centers, as presented in abstracts, covers a variety of geospatial scales, approaches, and cancer sites but still leans toward the descriptive. The presence of multiple scales in the abstracts of this body of work is encouraging given that different scales are more appropriate for distinct geospatial research questions, and solely relying on one or two may ignore broad swaths of the geospatial research landscape. Still, the almost 20% of abstracts that described an unclear geographic area indicate that investigators should consider including more specific details when summarizing their research. This would likely entail adding or modifying only a few words (e.g., changing "geographic location" to "U.S. Census region").
Regarding geospatial approaches, a plurality of studies focused primarily on documenting the spatial distributions of cancer incidence and mortality or cancer-related exposures. Many of these papers reported differences among countries, states, or counties. Nonetheless, other studies did examine specific contextual features and often used multilevel analysis alongside descriptive statistics. These studies typically categorized administrative regions according to urban/rural classifications [22] or socioeconomic status [23] , or overlaid spatial data with travel distances [21] or toxicity information [25] . This divergence reflects the combined themes of "spatial" and "platial" perspectives that constitute much of current geospatial research [26] . Place complements, not supplants, geographic space by incorporating psychosocial inputs, historical dynamics, multilevel factors, and other contextual elements that can yield deeper, more refined insights into the what, how, and why of cancerrelated outcomes and risk factors [26, 27] . Promoting space and place perspectives in tandem at NCI-designated Cancer Centers may bolster research to better understand population health and determine how geospatial thinking may contribute to research across the entire cancer control continuum.
There are several key challenges to fulfilling the promise of geospatial research concerning cancer control. One involves the difficulty of working with existing data. Investigators interested in aggregating multiple data sets, such as those from several SEER registries or from extant cohort studies, are often required to submit separate proposals for IRB approval to each data source. In addition, SEERMedicare data regulations dictate that only investigators at the requesting institution may analyze the data [28] . This organizational feature represents a significant barrier to collaboration and data aggregation and analysis. Clearly, this arises because home address and other spatial data are personal identifiers linked to sensitive health and other data. Adequate tools to allow analysis of such data while safeguarding privacy exist but have not been widely tested or adopted, which in the meantime stymies data sharing and impedes other researchers from reproducing or expanding upon prior research [2, 29] . The Beau Biden Cancer Moonshot SM initiative is supporting NCI efforts to develop a Cancer Data Ecosystem [30] ; such an "ecosystem" could include elements designed to facilitate analysis of geospatial data while protecting privacy.
Given the mounting interest in applying geospatial approaches to cancer research, NCI held its first Conference on Geospatial Approaches to Cancer Control and Population Sciences in September 2016 [31] to share current research efforts and establish future directions for the field. Discussions culminated in a Cancer Epidemiology, Biomarkers & Prevention (CEPB) journal focus issue in April 2017 with 12 original articles and two thought pieces, of which five included cancer center-affiliated researchers [32] . The articles coalesced around two primary themes that may help guide future geospatial cancer research: health disparities and novel operational definitions of the environment. Geospatial research for cancer control can contribute to describing existing and emerging cancer disparities and elucidating their underlying causes; for example, several papers highlighted the importance of residential segregation as a correlate of observed disparate cancer outcomes [27, 33, 34] . Additionally, etiologic and intervention studies could benefit from innovative environmental metrics such as measures of zoning or "green" environmental elements, as well as from gathering more comprehensive residential histories [2, 35, 36] . In fact, this latter theme ties into a rapidly evolving methodological research area that may also be worth pursuing for cancer control-further developing groundbreaking techniques to collect and analyze geospatial data. For example, better spatial data and community input could be obtained via community-based participatory approaches, mixed methods, or citizen science. By providing a stronger grassroots perspective on space and place, these approaches potentially afford researchers a source of both highly granular geographic data and critical measures of spatially delineated social and cultural factors that could enhance populationlevel cancer research [37, 38] .
Conclusions
Many NCI-designated Cancer Centers (and potentially cancer research centers worldwide) appear to lack active research programs using geospatial, contextual, and multilevel approaches to understand cancer incidence, mortality, and control. No biomedical researcher would plan or conduct a study without a statistician as part of the research team; by contrast, geographers are often consulted when studies are near completion with the somewhat plaintive question-"It looks like the geographic areas I studied differ, how can I address that in my analysis?" Cancer prevention and control research often spans multiple disciplines and may be enhanced by transdisciplinary teams [39, 40] . A growing emphasis on space and place as correlates of health and health disparities, as well as recent interest in better defining and serving cancer center catchment areas, suggest that investment in geospatial expertise and collaboration could accelerate progress in addressing cancer prevention and control. This review provides information about a specific class of U.S. cancer centers, although the observations detailed here may be applicable to other cancer research programs and institutions. Similar analyses in other countries could be useful to inform funding decisions by policymakers and to stimulate research on geospatial approaches to cancer control.
